The functional restoration of the dopamine innervation of striatum in MPTP-poisoned Göttingen minipigs was assessed for 6 months following grafting of fetal pig mesencephalic neurons. Pigs were assigned to a normal control group and a MPTP-poisoned group, members of which received no further treatment, or which received bilateral grafts to the striatum of tissue blocks harvested from E28 fetal pig mesencephalon with and without immunosuppressive treatment after grafting, or with additional co-grafting with immortalized rat neural cells transfected to produce GDNF. In the baseline condition, and again at 3 and 6 months postsurgery, all animals were subjected to quantitative [ 18 F]fluorodopa PET scans and testing for motor impairment. At the end of 6 months, tyrosine hydroxylase (TH)-containing neurons were counted in the grafts by stereological methods. The MPTP poisoning persistently reduced the magnitude of k 3 D , the relative activity of DOPA decarboxylase in striatum, by 60%. Grafting restored the rate of [ 18 F]fluorodopa decarboxylation to the normal range, and normalized the scores in motor function. The biochemical and functional recovery was associated with survival of approximately 100,000 TH-positive graft neurons in each hemisphere. Immunosuppression did not impart a greater recovery of [ 18 F]fluorodopa uptake, nor were the number of TH-positive graft neurons or the volumes of the grafts increased in the immunosuppressed group. Contrary to expectation, co-grafting of transfected GDNF-expressing HiB5 cells, a rat-derived neural cell line, tended to impair the survival of the grafts with the lowest values for graft volumes, TH-positive cell numbers, behavioral scores, and relative DOPA decarboxylase activity. From the results we conclude that pig ventral mesencephalic allografts can restore functional dopamine innervation in adult MPTP-lesioned minipigs.
INTRODUCTION
fetal human allografts is unlikely to become widespread because of the limited availability of donor tissue com-Levodopa therapy for Parkinson's disease looses effibined with practical logistic problems and ethical concacy with time and progression of the disease. The inadcerns. Donor material from fetal pig mesencephalon equacies of pharmacotherapy have lead to investigations might prove useful for xenografting to Parkinson paof neurosurgical approaches to the treatment of Parkintients (68) if immunological reactions by the recipient son's disease, including deep brain stimulation (40,47), can be controlled (6) . stereotaxic pallidal lesions (34, 43) , and transplantation
The discovery of the selective toxicity of 1-methylof fetal dopamine neurons to the dopamine-deficient 4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) to nigrostriatum. Allografts of human fetal embryonic dopamine striatal dopamine neurons (1, 36, 44, 45, 75) has opened neurons to the striatum of patients with Parkinson's disseveral new possibilities for testing of novel therapeutics ease have been reported to survive in situ for extended for parkinsonism in experimental animals. Systemic adperiods (20, 39, 62) and to impart clinical benefits in ministration of MPTP to Göttingen minipigs thus results some patients (8, 23, 67, 69) . However, the clinical use of in a persistent syndrome of parkinsonism associated 734 DALL ET AL.
with extensive loss of striatal dopamine (52) . The rela-hemispheres (see Table 1 ) a complete grafted group accordingly corresponds to eight hemispheres. One animal tively large size of the Göttingen minipig brain (70 g) combined with the low adult body weight (25 kg) allow from group V died before completion of the longitudinal study. longitudinal studies involving stereotaxic surgery and brain imaging. We therefore chose the MPTP-intoxi-MPTP Lesioning and Behavioral Scoring cated minipig as a large animal model for testing the For intoxication with MPTP, pigs were given an iniefficacy of intrastriatal grafting of fetal mesencephalic tial dose of 1 mg/kg of MPTP (SC), which was followed dopamine neurons.
by additional doses every second day for up to eight The first step of this project was to establish a stable doses, as required to produce a stable syndrome of parsyndrome of parkinsonism in MPTP-lesioned minipigs.
kinsonism (17) . During the period of acute intoxication, The integrity of the nigrostriatal pathway in healthy norand at intervals thereafter, the pigs were scored on three mal and MPTP-lesioned pigs was assessed by quatitative categories of motor impairment, including motility, co-PET scanning with [ 18 F]fluorodopa, a tracer for the acordination, and rigidity. The motility score, ranging tivity of DOPA decarboxylase in nervous tissue. Groups from nil (normal spontaneous movement) to five (comof the MPTP-lesioned pigs subsequently received bilatplete immobility), was assessed by observation of the eral stereotaxic implantations of four half-ventral mespigs' spontaneous exploratory behavior as assessed in a encephali, derived from normal farm pig fetuses (E28),
10 m 2 open arena. The coordination score, ranging from into each striatum, with or without concomitant immunil (normal) to five (severe lack of coordination of limbs nosuppression. Among several neurotrophic factors, glial while walking and turning), was assessed during the cell-line derived neurotrophic factor (GDNF) has been same observation period. The hind-limb rigidity score, implicated in the survival of grafted nigrostriatal doparanging from nil (normal) to two (severely rigid), was mine neurons (28, 48) . A subgroup of the grafted and assessed by physical examination. The maximum score immunosuppressed pigs was therefore co-grafted with a was thus 12, whereas healthy pigs without any sign of rat-derived neural cell line (HiB5) (64), transfected to parkinsonism scored 0 points in every case. The motor produce GDNF. The survival and functional effects of behavior was tested upon completion of the MPTP lethe grafts were evaluated by PET scanning with [ 18 F]flusioning and again 3 and 6 months after grafting. orodopa and other radiotracers, as well as behavioral testing before grafting, and again at 3 and 6 months after Grafting grafting. The survival of graft dopamine neurons was finally quantified by stereological measurements on his-
The MPTP-lesioned minipigs in groups III-V each received bilateral implants of four half-ventral mes-tological sections, together with estimates of the volume of the surviving grafts. Preliminary results of this study encephali into each striatum. Donor tissue was obtained from embryonic day 28 (E28) fetuses from ordinary do-have been published (13, 17) . mestic farm pigs (Danish Landrace × Hampshire). The MATERIALS AND METHODS sows were preanesthetized with Plegisil (1 mg/kg) and Dormicum (1 mg/kg) and then killed by an IV overdose All procedures and treatments of animals in this project were performed in accordance with permission from of 20% pentobarbital. Immediately thereafter the entire uterus was quickly removed by laporotomy and brought the Danish National Ethics Committee for Animal Experiments. Mature male Göttingen minipigs (n = 23) to sterile facilities for dissection of the fetuses. Whole fetal donor brains were dissected under a stereomicro-initially weighing 15-18 kg (Ellegaard Breeding Center, DK 4261, Dalmose) were used in the study. Six pigs scope in sterile and chilled Gey's balanced salt solution (BSS), as described by Dunnett and Björklund (21). were assigned to the normal control group (group I). The remaining 17 animals were intoxicated with MPTP as After dissection of the whole ventral mesencephalon, this was divided into halves by a sagittal cut in the mid-described below. Of these, five pigs were assigned to the MPTP-only group not receiving further treatment line and rinsed several times in chilled Gey's BSS. Each half-ventral mesencephalon was aspirated into a sterile (group II). The other 12 MPTP-intoxicated animals received bilateral intrastriatal grafts as described below. blunt tapered glass cannula (60 mm long, 1 mm outer diameter) mounted on a 500-µl Hamilton syringe and Of the 12 bilaterally grafted animals, four received grafts only (group III), four received chronic immuno-injected stereotactically as a solid graft. The grafts were placed bilaterally in two adjacent regions of the anterior suppression with cyclosporin A and prednisolone (group IV), and four were simultaneously co-grafted with neu-striatum and two adjacent regions of the posterior striata. The cannula tracts were angled 25°in relation to the ral HiB5 cells transfected to express GDNF in addition to being immunosuppressed (group V). In terms of sagittal plane (17) . The four animals in group V were co-grafted with 300,000 GDNF-producing HiB5 cells by the average of 22 minipig brain MR data sets (79). In this coordinate system, volumes of interest were defined suspended in 7 µl cell buffer and delivered together with each of the fetal grafts. When GDNF production of com-statistically as volumes with a greater than 50% probability of having been identified as cerebellum or caudate/ parable samples of cultured HiB5 cells was assayed by ELISA it was found that 300,000 cells produced 15-60 putamen. After registration, time radioactivity curves were extracted from the dynamic image using three statisti-ng GDNF in an 18-h period.
cally defined volumes of interest: the cerebellum, and Immunosuppression the left and right caudate/putamen (79). Using the me-The pigs in groups IV and V received cyclosporin A tabolite-corrected arterial input the relative activity of (generous gift from Novartis, Basel) and prednisolone DOPA decarboxylase in striatum (k 3 D , min −1 ) was esti-(Nycomed, Denmark) from 3 days before transplantation mated using a method described in detail elsewhere and until sacrifice at the end of the study. The daily dose (14, 41) , with cerebellum serving as reference region for of cyclosporin A, given orally, was adjusted on the basis constraining the magnitude of V e D , the FDOPA distribuof weekly measurements of serum concentration, starttion volume at equilibrium (19). ing with 8 mg/kg/day (PO) in order to obtain target Histology and Immunocytochemistry serum concentrations of 300 ng/ml for the first month, declining to 100-200 ng/ml for the next 5 months. Pred-After completion of the third and last PET scanning nisolone was administered orally at a dose of 2 mg/kg/ session, pigs were killed with a pentobarbitol overdose day for the first month, declining to 0.3 mg/kg/day for and perfused transcardially with phosphate-buffered (pH the remaining 5 months.
7.4) 4% paraformaldehyde (PFA). After removal from the skull, the isolated brains were postfixed in the same PET Studies fixative for 10 h, then tissue blocks containing the caudate and putamen from each hemisphere were immersed When the behavior response to MPTP poisoning had stabilized, as evaluated by behavioral scoring for a pe-in phosphate-buffered 20% sucrose for 2-3 days at 4°C. The cryoprotected tissue blocks were then frozen with riod of 2 weeks (see below), all MPTP-lesioned pigs, as well as the nonintoxicated control animals, were exam-CO 2 gas and cut on a cryostat into 10 series of 40-µmthick horizontal sections. Two series of sections were ined by positron emission tomography (PET) using radiotracers for dopamine receptors, dopamine uptake collected free floating in a cryoprotective solution (78) and stored at −12°C, while the other series was immedi-sites, cerebral oxygen metabolism, and cerebral blood flow. These scans were performed initially to provide ately mounted on gelatin-coated glass slides. For general cell staining, one series of mounted sections from each baseline data, and again 4 and 7 months later, corresponding to 3 and 6 months after grafting for those ani-tissue block was stained with toluidine blue. Of the free-floating sections, one series containing mals that received grafts. Some of these results have been reported elsewhere (13, 17) . Here we report in de-the basal ganglia was immunostained for tyrosine hydroxylase (TH), a marker for dopaminergic neurons. First, tail the results of PET investigations using [ 18 F]fluorodopa as a tracer for the activity of DOPA decarboxylase the sections were incubated for 30 min in a 8:1:1 solution of 0.05 M Tris-buffered saline (TBS), methanol, in the brain, and the correlation between these data and the behavioral and histological findings. and hydrogen peroxide, respectively, to block endogeneous peroxidase activity. After rinsing in 0.05 M TBS For PET scanning, the pigs were anesthetized by midazolam/ketamine to permit intubation, and then were (pH 7.4) containing 1% Triton X-100, nonspecific tissue binding sites were blocked by treatment with 10% fetal maintained with isofluorane (1-5%). One hour prior to [ 18 F]fluorodopa examination the pigs were pretreated bovine serum (FBS) in TBS for 30 min. The sections were then incubated for 48 h at 4°C with a polyclonal with carbidopa (2 mg/kg, IP) in order to block the activity of DOPA decarboxylase in peripheral tissue (15) . Im-antibody against TH (Pel-Freez, P40101-0) diluted 1: 300 in 10% FBS in TBS. Upon completion of the pri-mediately upon bolus injection of [ 18 F]fluorodopa (200 MBq) into a femoral vein, the recording of a dynamic mary incubation, sections were rinsed in TBS with 1% Triton X-100 and treated with biotinylated anti-rabbit emission sequence lasting 120 min was initiated using the Siemens ECAT HR+ tomograph in 2D mode with IgG secondary antibody (Amersham, RPN 1004, 1:200) for 2 h followed by a rinse in TBS with 1% Triton X-attenuation correction. A series of blood samples was collected from a femoral artery for determination of the 100. Sections were then incubated with streptavidin-HRP (DAKO, P0397, 1:200) for 2 h in order to generate HPLC-corrected plasma inputs of [ 18 F]fluorodopa and its metabolites (15) . The summed emission images were the tertiary complex, rinsed in TBS, and finally incubated in 0.05% 3,3-diaminobenzidine (Sigma) dissolved co-registered to a standard coordinate system, defined in TBS. The oxidation reaction was initiated with addi-creased the magnitude of k 3 D in group III to within the normal range (repeated one-way ANOVA), an effect tion of 0.033% hydrogen peroxide. After 30 min, the sections were rinsed in TBS, mounted from water on that was not supplemented above normal by immunosuppression (group IV). In the group with co-grafting of glass slides, dehydrated, and coverslipped in DePeX (BDH, 361254D).
GDNF-secreting HiB5 cells (group V), the recovery of k 3 D in the partially denervated striatum was not greater Stereology than in the other grafted groups. By visual inspection, For each hemisphere, the total volume of the survivthere were no significant differences in the improvement ing graft tissue and total number of TH-positive cells in between the groups (groups III, IV, and V) at any time. the grafts were estimated using the Olympus CAST-grid
The correlation between the mean magnitude of k 3 D system. In each TH-stained section, corresponding to evin left and right striatum and the motor score ( Fig. 4A , ery 10th section of the total material, the individual r = −0.63) was highly significant (p < 0.001). In Figure  grafts were delineated and the volume estimated by 4A, results from the present population of 23 animals point counting (Cavalieri) (29, 30) , before using the optiwere supplemented with results obtained in 10 other cal fractionator method for cell counting (80) within the minipigs from another study, in which the MPTP lesion already recognized and delineated graft areas. The rewas milder. The correlation between the postgraft insults were tested statistically by one-way ANOVA.
crease in the magnitude of k 3 D and the improvement in behavioral rating score at 3 or 6 months after grafting RESULTS (Fig. 4B , r = 0.33) did not reach significance.
Behavior
Histology The results of the behavioral scoring are presented in Surviving graft tissue was found in 21 out of 22 of Figure 1 . The pigs in the control group (group I) had a the grafted basal ganglia used for histological analysis. score of nil throughout the 6-month observation period.
The one animal with missing grafts belonged to group In the first month after MPTP intoxication, pigs were III. Among the 21 cases with recovered grafts a pig from conspicuously impaired, displaying reduced spontaneous group V only contained one small graft with few THactivity, poor coordination, and cogwheel rigidity of the positive neurons. Figure 5 shows a typical graft rich in hind limbs, with motor scores in the range of 3-8 out TH-positive cell bodies located near the graft-host interof a total of 12. Although MPTP-intoxicated pigs were face. Graft neurons in general showed a more intense not incapacitated, they did show some weight loss com-TH staining than the immunoreactive fibers in the surpared with the control animals. In the group with MPTP rounding host striatal tissue, which included host THlesion only (group II), there was a tendency towards impositive fibers spared by the mild MPTP intoxication proved scores during the 6-month period after lesioning, procedure chosen. The numbers of graft TH-positive but this development was not statistically significant. In cells per striatum, the volume of the grafts, the density the three groups with MPTP-lesioned pigs receiving feof cells in the grafts, the increase in the magnitude of tal mesencephalic grafts, there was a substantial and perk 3 D , and the numbers of cells calculated to increase the sistent improvement in motor score relative to the unmagnitude of k 3 D by 0.01 min −1 are all presented in Table grafted animals (p < 0.001, repeated one-way ANOVA).
1. There were no significant differences in any of these By visual inspection, there were no significant differparameters between the groups. ences in the improvement between the groups (groups The correlation between the number of TH-positive III, IV, and V) at any time.
neurons and the graft volume is shown in Figure 6A Behavior month period in the control group, and was persistently reduced by 60% in group II, which was MPTP lesioned
In Göttingen minipigs MPTP intoxication produced a moderate parkinsonian syndrome, characterized by re-but not grafted. There was no indication of spontaneous normalization of k 3 D in these animals during the 6-month duced spontaneous movement, and by rigidity and limb incoordination, especially of the hind limbs. The af-follow-up. The grafting of fetal mesencephalic tissue in- Figure 1 . The effect of treatment on clinical scores of severity of parkinsonism in MPTP-poisoned Göttingen minipigs: nil is asymptomatic and 12 is the most severe motor impairment. The baseline scores (scan 1) and the scores at 3 months (scan 2) and 6 months (scan 3) after grafting are illustrated for the five groups. Group I, the normal control group; group II, the MPTP-poisoned animals not receiving further treatment; group III, which received bilateral grafts of E28 fetal mesencephalic tissue; group IV, which was chronically immunosuppressed after grafting; group V, which was immunosuppressed and also received co-grafts of transformed cells expressing GDNF. Each estimate is the mean ± SEM of four separate determinations. There was a significant decrease between scan 1 and scan 3 in groups III and IV, and significant decreases between scan 1 and both scan 2 and scan 3 in group V (one-way ANOVA, Student-Newman-Keuls, F = 7.4, df = 3, p < 0.005) (p < 0.05). fected animals scored close to 5 on the 12-point neuro-min −1 ) (19) and healthy rhesus monkey (0.05 min −1 ) (16), but is lower than some estimates obtained in healthy hu-logical rating scale used, whereas normal pigs scored nil. There was no significant evidence of spontaneous mans (0.080 min −1 ) (14) . Effects of partial volume result in underestimation of the true magnitude of k 3 D in small motor recovery among the ungrafted pigs during the 6month observation period after the end of the initial structures (18, 66) , such as the pig caudate and putamen, which together had a volume of less than 0.5 ml per side MPTP intoxication period (Fig. 1) . However, the bilateral grafting of fetal ventral mesencephalic tissue did (79). The systemic administration of MPTP to the minipigs cause substantial improvement in motor scores, most evident at 6 months after grafting. Neither immunosup-caused a 60% decline in the magnitude of k 3 D in the striatum. This decrease is comparable to the effects pression (group IV) nor co-grafting of GDNF-secreting, rat-derived HiB5 cells (group V) altered the outcome of shown previously in MPTP-lesioned squirrel monkeys (82) and rhesus monkeys (13) , and is close to the de-the motor scores after grafting.
clines observed in patients with moderate Parkinson's [ 18 F]Fluorodopa/PET disease (42) . The MPTP-induced reduction of k 3 D was stable during the following 6-month observation period, The relative activity of DOPA decarboxylase with respect to [ 18 F]fluorodopa (k 3 D ) was close to 0.045 min −1 with neither spontaneous recovery nor progression of severity (Fig. 3 ). This contrasts with postmortem immu-in the striatum of normal minipigs and was stable during the 6-month observation period (Fig. 3) . This magnitude nohistological examinations of human material from patients exposed to MPTP years before death, which has of DOPA decarboxylase activity agrees closely with results obtained in normal young Landrace pigs (0.037 suggested a progressive neuropathology (45) . Long-term Results are presented for the three pigs at scan 1 (baseline), scan 2 (3 months after grafting), and scan 3 (6 months after grafting). The location of the striatum corresponds to the confluent, high uptake areas (arrows) in the control scans (scans 1-3). The grafting was made 1 month after the baseline post-MPTP scan. All images show uptake in the horizontal plane passing 10 mm below the center of the pineal gland, which defines the origin of the common stereotaxic coordinate system for pig brain. , min −1 ) in striatum of Göttingen minipigs, calculated by compartmental modeling of the uptake of [ 18 F]fluorodopa in brain. The baseline DOPA decarboxylation rates (scan 1), and the rates at 3 months (scan 2) and 6 months (scan 3) after grafting are presented for five treatment groups. Group I, normal control animals; group II, the MPTP-poisoned animals not receiving further treatment; group III, which received bilateral grafts of fetal mesencephalic tissue; group IV, which was chronically immunosuppressed after grafting; group V, which was immunosuppressed and also received cografts of transformed cells expressing GDNF. Each estimate is the mean of single determinations in each of four pigs. The mean magnitude of k 3 D was higher in the baseline condition of the control group than in the first post-MPTP scans of the other four groups, and was lower in the second post-MPTP scan of the ungrafted group II than in the second and third post-MPTP scan of the three groups that did receive grafts (one-way ANOVA, Student-Newman-Keuls, F = 13.7, df = 4, p < 0.001).
progression of idiopathic Parkinson's disease (54, 56) MPTP-lesioned monkeys (60), as well as with the severity and progression of Parkinson's disease in humans and human MPTP-induced parkinsonism (77) has been detected in clinical FDOPA studies. However, the re-(55,71). Conversely, increased magnitude of K after grafting of human fetal mesencephalic neurons has been ported rates of progression in humans do not predict that significant declines in FDOPA uptake should have oc-linked to the improved motor function and decreased requirement of patients for levodopa (10,23,24,33,39, curred only 6 months after the lesion. Longitudinal studies of several years' duration might be required to detect 81). In a series of five Parkinson's disease patients grafted with human fetal mesencephalon, the net influx the progression of MPTP-induced parkinsonism in pigs.
In all three groups of grafted animals, the magnitude of [ 18 F]fluorodopa to the grafted putamen correlated positively with the improvement of contralateral motor of k 3 D recovered progressively during the 6-month period after grafting. This finding is consistent with earlier functions (63) . In contrast, xenografting of fetal pig mesencephali only imparted a modest improvement in clinical reports that neurological status improves slowly over an extended period after grafting (5, 22) . The phe-global severity of Parkinson symptoms in immunosuppressed patients without detectably increasing the mag-nomenon of slow recovery of function might reflect outgrowth of fibers from the grafted dopamine neurons into nitude of K to the striatum (68). Conceivably, clinical benefits might be obtained with grafts too small to influ-the host striatal parenchyma (25,35). In the present study, a more prolonged survival postgrafting might ence discernibly the net influx of [ 18 F]fluorodopa. The magnitude of K, while computationally conve-have further enhanced the recovery of [ 18 F]fluorodopa decarboxylation in grafted striatum. nient, is not a simple index of the rate of DOPA metabolism in the brain because its magnitude is weighted to The net influx of [ 18 F]fluorodopa to striatum (K, ml g −1 min −1 ), which is roughly proportional to the present the unidirectional blood-brain clearance of [ 18 F]fluorodopa (14, 70) . Therefore, we have used compartmental index of DOPA decarboxylase activity, correlates with the loss of dopamine neurons in the substantia nigra of modeling to calculate the magnitude of k 3 D , which is di-score failed to reach significance (Fig. 4B) , weakening the linkage between biochemical response and behavioral/therapeutic response. The subtraction of clinical scores and biochemical indices resulted in considerable propagation of error to the abscissa and ordinate axes of Figure 4B . However, the 12-point motor impairment scoring used may have been inadequate for sensitive correlational analysis of the effects of treatment on the severity of parkinsonian symptoms. With the exception of a report by Remy et al. (63) , the linkage between enhanced utilization of [ 18 F]fluorodopa in graft recipients and improved clinical performance remains somewhat weak.
Histology
The correlation between the stereological cell counts in the histological material and PET scan data suggests that approximately 100,000 TH-positive neurons can increase the rate constant of [ 18 F]fluorodopa decarboxylation by 0.01 min −1 (Table 1 ). In effect, this proportion allows the calculation of the DOPA decarboxylase activity per surviving grafted neuron. The relationship between number of surviving neurons in the grafts and increased magnitude of k 3 D (Fig. 6A ) predicts that survival of close to 250,000 TH-positive neurons would be required to normalize completely the magnitude of k 3 D in the MPTP-lesioned pig striatum. In human brains that have been available for postmortem histological analysis, up to 138,000 TH-positive neurons were found in allografts from human fetal ventral mesencephali (39) . In a single human case study, it has been reported that less than 1000 TH-positive porcine mesencephalic neu- ous TH-positive neurons in the grafts, with morphological characteristics of nigrostriatal dopamine neurons, as also reported for porcine mesencephalic grafts in the rat rectly proportional to the activity of DOPA decarboxylase in the brain (27, 32) . In the present study, there was striatum (25). The majority of the TH-positive neurons were located at the margins of the grafts (Fig. 5 ). This a highly significant correlation between the clinical score and the magnitude of k 3 D in the striatum (average distribution, which is commonly observed in intrastriatal ventral mesencephalic grafts (24), may have resulted of left and right) within the entire population of normal, grafted, and ungrafted pigs (Fig. 4) . We have thus estab-from migration or alternatively to enhanced differentiation or survival of TH-positive neurons occupying the lished a linear relationship between the clinical status and a biochemical index of DOPA decarboxylase activ-graft margin, perhaps in response to trophic factors from the host striatum. However, no TH-positive neurons ity in living brain. However, the relationship between increased magnitude of k 3 D and improved clinical rating were present within the host parenchyma, suggesting fortuitously placed neurons may have preferentially sur-grafts can be seen in MR images, and provided that grafting procedures are standardized, this suggests that vived. There was a simple and robust correlation between the number of surviving TH-positive neurons it should be possible in future studies to predict biochemical outcome by volumetric analysis, without re-( Fig. 6A ) and the volume of the grafts. The different postgrafting treatments, including immunosuppression sorting to quantitative [ 18 F]fluorodopa studies. We cannot immediately account for the large vari-and HiB5 cell co-grafting, did not influence the relationship between graft volume and number of TH-positive ability in graft volume between the grafted animals. Differences in harvesting and transplanting fetal mes-cells (Table 1) . Thus, conditions or factors favorable for general survival and growth of grafts were equally ame-encephali can be ruled out, as considerable care was taken to use a standardized procedure. The failure of nable to survival of TH-positive neurons. Insofar as Group III received no further treatment after the grafting, group IV was immunosuppressed with cyclosporin A and prednisolone, and group V was immunosuppressed and also received cografting of transformed cells expressing GDNF. Also reported are: the increases in the magnitude of k 3 D ; the relative activity of DOPA decarboxylase with respect to [ 18 F]fluorodopa in striatum; and a calculation of the mean number of TH-positive cells per graft imparting an increase in the magnitude of 0.01 min −1 . Each estimate is the mean ± SEM of n determinations in n/2 pigs. onic dopamine neurons (9) , just as extended immunosuppression with combination therapy of cyclosporin A, prednisolone, and azathioprine further reduced rejection of mouse-to-rat grafts (61). Prolonged survival of porcine mesencephalic xenografts in the rat striatum with functional recovery of amphetamine-induced rotational asymmetry are highly dependent upon immunosuppression with cyclosporin A (25), but some rats did reject porcine grafts even after several months of immunosuppression (46). In the present porcine allograft study, immunosuppression failed to augment behavioral response, increases in the magnitude of k 3 D , or numbers of surviving TH-positive neurons. We have earlier reported in the same grafted pigs a slight increase in the cerebral uptake of [ 11 C]PK11195, a marker for the activated microglia and reactive astrocytes (13) . While this may be indicative of immunological, inflammatory reactions evoked by the graft, the present lack of effect of cyclosporin A on graft survival suggests that immunological factors may not be critical for limiting prolonged survival of porcine allografts. The genomic arrangement of pig MHC class I sequences has been characterized as a first step towards site-directed mutagenesis for the production of a nonantigenic strain of pig (76). Pretreatment with antibodies against the alpha-galactosyl epitope (anti-Gal) and complement is another novel strategy for reducing the immunogenicity of porcine tissue (7) . Østergaard et al. (57) estimated the total number of mesencephalic TH-positive neurons in the young adult farm pig to be 50,000 (SN and VTA), when counted with the use of Abercrombie's correction. This number, of allografted fetal mesencephalic dopamine neurons in rat striatum may be only 5-10% of what would be expected if all TH-positive cells had survived and differentiated as when left in situ in the brain (4,11).
Notwithstanding the uncertainty in the number of fe-immunosuppression with cyclosporin A and prednisolone to enhance graft volume would immediately sug-tal dopaminergic neurons that were grafted in the present study, future efforts must be directed towards in-gest that immunological rejection was not a major factor influencing the allograft survival. On the other hand, creasing the number of TH-positive neurons surviving in the grafts and optimizing the outgrowth of axons into co-grafting with the rat-derived HiB5 cells, if anything, tended to interfere with graft growth and survival of TH-the host parenchyma (10). The general impression is that grafted neurons must be harvested at a stage of develop-positive neurons (Table 1) , possibly due to induction of a immunological reaction by the presence of rat HiB5 ment prior to complete differentiation if they are to establish good connectivity with the host CNS. Clearly, cells.
Chronic treatment with cyclosporin A has been found TH-positive neurons derived from day E25 porcine fetal mesencephali and surviving in the dopamine-depleted to enhance the survival of mouse-to-rat grafts of embry-striatum of immunosuppressed rats can extend fibers as and progressive recovery of [ 18 F]fluorodopa trapping and also improved motor function. In the grafts, TH-far as several millimeters into the host striatum (35). E28 porcine mesencephalic neurons, corresponding to positive neurons survived for at least 6 months and extended TH-positive fibers far into the surrounding host the age used in the present study, do indeed produce dopamine in cell culture (31), at the same time as they striatum. Based on the positive correlation between the measurable activities of DOPA decarboxylase in the stri-send out extensive processes (53). Others have reported that E26 fetuses gave the highest yield of dopamine neu-atum, motor performances, and graft volume and cell counts of graft TH-positive neurons, the results of the rons surviving in culture (2). Thus, present evidence supports the use of neurons from porcine fetuses aged present study support the use of fetal pig neural grafts for experimental transplantation therapy in Parkinson's E25-28.
Growth factors can enhance the survival and out-disease. Survival of 250,000 neurons would have produced full restoration of the magnitude of k 3 D in the host growth of dopamine neurons. Specifically, glial cell line-derived neurotrophic factor (GDNF) can prevent striatum. Immunosuppression with cyclosporin A and prednisolone did not enhance graft survival or function, apoptosis of fetal dopaminergic neurons in culture (37) , promote survival of grafted dopaminergic neurons (3,49, just as co-grafting of the HiB5 cell line transfected to produce GDNF, if anything, tended to impair the long-83), and protect dopaminergic neurons against 6-OHDA (12,38) and MPTP intoxication (73) Sakoh, C. Z. Simonsen, D. F. Smith, J. C. Sørensen, In the present study, co-grafting with gene-modified, L. Østergård (from the PET-Center and Departments of GDNF-producing, rat-derived HiB5 cells did not have Neuroradiology, Neurosurgery, Neuroanaesthesia, and the expected trophic effects on survival of grafted neu-Biological Psychiatry, Aarhus University Hospital); A. rons. In fact, these co-grafts displayed the lowest sur-Moller and T. E. Johansen (from NsGene, Ballerup). vival of fetal TH-neurons and did not have enhanced restoration of k 3 D in the grafted striatum (Table 1) tracts to the striatum on each side imparted a substantial
